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Proteinuria induced by sodium maleate in rats: Effects on ultra-
structure and protein handling in renal proximal tubule. We stud-
ied the effects of sodium maleate on renal handling of protein in
rats injected i.v. with sodium maleate. We used lysozyme (mol
wt, 14,400 daltons) labeled with iodine 125 as a tracer. We stud-
ied the protein reabsorption and transport in the renal proximal
tubule cells, electron microscope autoradiography, and we fol-
lowed the lysosomal digestion of lysozyme in renal cortical slices.
Maleate decreased glomerular filtration and tubular reabsorption
of lysozyme but caused an increased urinary excretion. The di-
gestion of reabsorbed lysozyme was considerably reduced in
renal cortical slices, and autoradiography revealed that the trans-
port of protein from endocytic vacuoles to lysosomes in proximal
tubule cells was partially inhibited. After maleate treatment,
endocytic vacuoles rapidly accumulated in the apical cytoplasm
but apical tubules disappeared, indicating an altered recycling of
membrane. An ultrastructural morphometric analysis sub-
stantiated and extended the qualitative observations and pro-
vided quantitative estimates of volumes and surface areas for
endocytic vacuoles, apical tubules, lysosomes, and microvilli in
control and experimental animals. The tubule cells were ultra-
structurally normal 48 hours after the injection of maleate. Con-
clusion. Sodium maleate causes proteinuria due to a decreased
tubular reabsorption of protein, and it demonstrates a decreased
transport of protein from endocytic vacuoles to lysosomes in
proximal tubule cells and a subsequent low tubular protein catab-
olism.
Protéinurie déterminée par let maleate de sodium chez le rat:
Effets sur l'ultrastructure du tube proximal et sur le comportement
des protéines. Les effets du maléate de sodium sur le com-
portement renal des protéines ont été étudiés chez des rats
ayant recu du malCate de sodium par voie intraveineuse. Le
lysosyme (PM 14.400 daltons) marqué par iodine 125 a été utilisé
comme traceur. La reabsorption et le transport de protéines
dans les cellules tubulaires rénales proximales ont été suivis par
autoradiographie en microscopie électronique et par l'étude,
dans des tranches de cortex, de Ia digestion lysosomale du lyso-
syme. Le maléate a diminué la filtration glomfulaire et Ia réab-
sorption tubulaire du lysosyme mais en a augmenté l'excrétion
urinaire. La digestion du lysosyme réabsorbé a été consid-
érablement diminuée dans les tranches de cortex et
l'autoradiographie a montré que le transport des protéines des
vacuoles d'endocytose aux lysosomes des cellules tubulaires
proximales était partiellement inhibé. Aprés un traitement par le
malCate des vacuoles d'endocytose se sont rapidement accu-
mulées dans le cytoplasme apical alors que les tubules apicaux
disparaissaient, cc qui indique une modification du renouvelle-
ment de Ia membrane. Une analyse morphométrique ultrastruc-
turale a étayé les observations qualitatives et fourni des évalua-
tions quantitatives du volume et/ou de Ia surface des vacuoles
d'endocytose, des tubules apicaux, des lysosomes et des micro-
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villosités chez les animaux témois et experimentaux. Les cel
lules tubulaires étaient normales en ultrastructure 48 heure
aprCs l'injection de maléate. Conclusion. Le maléate de sodiurr
determine une protéinurie du fait de la reabsorption tubulaire
des protéines et font la preuve de Ia diminution du transport de
protCines des vacuoles d'endocytose aux lysosomes des cellule
tubulaires proximales et d'un faible catabolisme protCinique.
In experimental animals, the injection of sodium
maleate produces a renal syndrome consisting of in-
creased diuresis, phosphaturia, aminoaciduria, and
glucosuria [1—3]. This syndrome, which in some re-
spects resembles the De Toni-Debré Fanconi syn-
drome [2], is probably due to interference with
metabolic processes in the tubule cells. Thus, so-
dium maleate has been shown to inhibit the oxida-
tion of different CoA-dependent substrates [4] and
has also been demonstrated to decrease the activity
of renal Na-K-ATPase and renal cortical concentra-
tion of ATP [5].
In addition to functional and metabolic changes,
sodium maleate produces extensive ultrastructural
changes in the kidney, especially in the proximal tu-
bule cells, which show increased cytoplasmic vacu-
olization and enhanced electron density in the mito-
chondrial matrix [6-8].
Because sodium maleate also produces tubular
proteinuria in experimental animals [9—12], we were
interested in studying the concomitant structural
and functional effects of sodium maleate on proxi-
mal tubular uptake, transport, and digestion of a
low-molecular-weight protein, with the aim of ob-
taining additional information about how these pro-
cesses related to tubule cell ultrastructure and to
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determine the mechanism of proteinuria in this ex-
perimental model. For the tracer protein, we used
lysozyme, which we have previously used to study
renal handling of protein in the normal kidney [13].
The combined results of this study reveal that the
i.v. injection of sodium inaleate reduces the endo-
cytic uptake by the proximal tubule cells of low-mo-
lecular-weight protein and decreases the transport
of protein into lysosomes, thus reducing the catabo-
lism of reabsorbed protein.
Methods
Animals. Adult male Wistar rats 2.5 to 5.0
months of age were used in all experiments.
Jodination of lysozyme. Lysozyme obtained from
egg white (Grade I, Sigma Chemical Company) was
iodinated with either iodine 131 or 125 according to
the iodine monochloride method of McFarlane [14]
as modified by Izzo et al [15]. The molar ratio of
iodine monochioride to lysozyme was 1:1. Free io-
dine was removed by passage through a column of
Sephadex G-25 medium and subsequent dialysis of
the effluent against 0.9% sodium chloride. The iodi-
nation efficiency using iodine 131 was 37.9%. The
specific activity in the final solution was 0.26 mCi)
mg of lysozyme, and free iodine represented 1.9%
of total radioactivity determined as TCA (tn-
chioroacetic acid)-soluble radioactivity. The enzy-
matic activity of lysozyme per milligram of protein,
as determined after iodination by the method of Lit-
wack [16], was 92% of the activity of noniodinated
lysozyme. The protein concentration was deter-
mined by the method of Lowry Ct a! [17]. The aver-
age iodination efficiency in iodinations with iodine
125 was 71%, the average specific activity was 0.42
mCi/mg of lysozyme, and free iodine never repre-
sented more than 3% of the total activity in the final
solutions. The enzymatic activity of lysozyme was
never lower than 91%, as compared to noniodinated
lysozyme.
Digestion of '251-lysozyme in renal cortical slices.
Maleic acid, 400 mg/kg body wt, was given i.v. to
rats as a solution, which contained 100 mg/mi of wa-
ter and was brought to pH 7.4 with sodium hydrox-
ide. Five minutes later, the animals were injected
i.v. with 0.2 to 0.5 ml of 1251-lysozyme. Control rats
were given the same volume (4 mI/kg body wt) of
0.9% sodium chloride prior to the injection of lyso-
zyme. After the injection of labeled protein (15 or 60
mm), slices were removed from the renal cortex
with a Stadie-Riggs-type microtome, as described
by Maude [18] while the kidneys were perfused ret-
rograde through the aorta with a bicarbonate saline
solution [18] at 4° C (pH, 7.4). The slices were in-
cubated in vitro for up to 2 hours, as previously de-
scribed [13], in the same solution as used for the
perfusion. The digestion of protein was determined
as the TCA-soluble radioactivity appearing in in-
cubation medium and remaining in the tissue slices,
expressed in percent of total radioactivity. Radio-
activity was measured in a gamma counter (Se-
lektronik, Copenhagen).
In other experiments, cortical slices from rats in-
jected 15 or 60 mm previously with the labeled lyso-
zyme only were incubated in vials containing 2 ml
of the bicarbonate-saline solution as above, but
with the addition of 2.5 mg of sodium maleate per
milliliter at a pH of 7.4.
GFR and glomerular filtration of lysozyme. The
GFR was determined from the inulin clearance. An-
imals were anesthetized with mactin® (100 mg/kg
body wt), placed on a heated operating table where
the body temperature was maintained at 37° C, and
tracheotomized. The jugular veins were cannulated
for single injections and infusion of inulin and I-
lysozyme. The carotid artery was cannulated for
blood sampling and monitoring of blood pressure,
and one ureter was cannulated for urine sampling.
Immediately after the injection of sodium maleate,
there was a pronounced decrease in the blood pres-
sure, which, however, again reached normal values
within 2 or 3 mm. The rats received a bolus injec-
tion of 20 Ci of 3H-inulin in 0.5 ml of lactate buffer
(pH, 7.2), followed by a constant infusion of a solu-
tion containing 10 j.Ci of H-inulifl per milliliter of
lactate buffer, at a rate of 1.9 mI/hr.
The GFR was first determined for 1 hour during
three consecutive 20-mm periods. One of the fol-
lowing solutions was then injected into the femorai
vein in the same volumes (4 mI/kg body wt): (1) so-
dium maleate (100 mg/mI) at a dose corresponding
to 400 mg sodium maleate per kilogram of body
weight, (2) 6.0% sodium chloride, which has the
same osmolaiity as 100 mg/mI neutralized sodium
maleate, and (3) 0.9% sodium chloride. Five min-
utes later, the animals received a bolus injection of
8.3 Ci of 1311-lysozyme in 0.2 ml of lactate buffer
followed by a constant infusion (rate, 1.9 m!/hr) for
15 mm of a lactate buffer solution containing 10 1iCi
of 3H-inulin and 12.5 pCi of 'I-lysozyme per mil-
liliter. At the end of the infusion period, the urine
was collected, a blood sample was taken, and the
kidneys were perfused retrograde through the aorta
with a Ringer solution at 4° C. '311-lysozyme in
urine, plasma, and in excised kidneys was counted
in a gamma counter, and 3H-inulin was counted in a
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liquid scintillation counter (Beckman LS-133). The
amount of lysozyme filtered was expressed as the
sum of the lysozyme reabsorbed and retained in the
kidneys and the amount excreted in the urine. The
fractional clearance of lysozyme (expressed in per-
cent) was determined as 100 x clearance of lyso-
zyme/GFR.
Electron microscope procedures. For the
morphometric studies, the kidneys of rats injected
with either sodium meleate or 6.0% sodium chloride
were fixed by retrograde perfusion through the
aorta after 15 or 60 min for quantitative studies rats
were fixed after postinjection periods of up to 7
days. The fixative consisted of 1% glutaraldehyde in
a Tyrode's solution, modified with respect to the so-
dium chloride concentration [19] (sodium chloride,
6 g/liter, 75% of the normal amount of socium chlo-
ride). The tissue was then further fixed by immer-
sion in 3% glutaraldehyde in 0.1 M sodium cacody-
late buffer (pH, 7.2), postfixed in 1% osmium tet-
roxide in verona! acetate buffer (pH, 7.2),
dehydrated in alcohol, and embedded in Epon 812.
Semithin (0.5 to 1 m) or ultrathin sections were cut
on a LKB Ultrotome III. The ultrathin sections
were stained with uranyl acetate and lead citrate
and studied either in a Jeol 100 B or 100 C electron
microscope.
Morphoinetric analysis. For morphometric
study, one cross-sectioned tubule (longest diame-
ter/shortest diameter, < 1.5) from each animal was
photographed at a magnification of x6600, using on-
ly the lower left quadrant of the tubules as seen in
the electron microscope. All tubular cross-sections
were derived from the convoluted part of the proxi-
mal tubule. The area occupied by the proximal tu-
bule cells minus the brush border was used as refer-
ence area for all morphometric determinations.
There were five animals in each of four groups, that
is, animals fixed by perfusion for either 15 or 60 mm
after i.v. injection of either sodium maleate or 6.0%
chloride as described above. Following photograph-
ic enlargement to a final magnification of about
x20,000, the exact magnifications were determined
by using a carbon replica (2160 lines/mm). A coher-
ent lattice square test system was used for point
counting and intersection counting [20]. The dis-
tance between the heavy lines and the fine lines was
20 mm and 4 mm, respectively, corresponding to
about 1 j.m and 0.2 sm.
The following parameters were determined by
point counting and intersection counting [20]: The
volume density (V), expressed in percent (100 X
jmm3, by point counting and the surface density
(Sw), expressed in square micrometer per square mi-
crometer, by intersection counting of the lyso-
somes, endocytic vacuoles, and the volume density
only of the apical tubules. The surface density was
calculated by the formula S = 2N/LT, in which N is
the number of intersections and LT is the length of
test line [20]. To reduce the Holmes effect (effect of
section thickness) and the effects of difficulties in
distinguishing profiles in the section [21], we deter-
mined the surface density of the brush border and
the apical tubules by measuring the diameter and by
counting the profiles of apical tubules and microvilli
using the formula S = 2NA x ir X d, in which NA is
the number of profiles per test area (test area: corre-
sponding proximal tubule cells minus the brush bor-
der) and d is the diameter of the apical tubules or
the microvilli. The profiles were counted in a lattice
square test system [22] with a distance between
lines of 20 mm. Profiles were counted in every
fourth square. The diameter (d) measured on pro-
files of 414 apical tubules and 317 microvilli selected
at random, as above, was 0.0842 m and 0.0919
sm, respectively. There were no differences in the
diameter of the apical tubules or the microvilli be-
tween the different groups, that is, sodium-maleate-
treated animals vs. control animals. Assuming that
the lysosomes are spherical particles, the mean di-
ameter of the lysosomal profiles (D) was calculated
from the following formula: D = 6V/S [23].
Volume densities (V) and surface densities (Sw)
were converted to micrometer3 and micrometer2 per
millimeter of tubule length by multiplying the total
area (sm2) of the cross-sectioned tubule with 10.
This conversion was carried out because the cell
area per cross section tubule was reduced in so-
dium-maleate-treated rats as compared with con-
trols. The diameter of the proximal tubules was
measured on semithick sections stained with tolui-
dine blue by light microscopy. One section from
each of five animals from each of the above men-
tioned four groups was studied at a magnification of
x600. The shortest diameters, outer and inner,
were measured in all tubules that were approxi-
mately cross-sectioned, that is, largest diameter!
shortest diameter ratio less than 1.5. The inner lu-
minal diameter was measured from the base of the
brush border, and the height of the proximal tubule
cells was calculated as half the difference between
the peritubular diameter and the luminal diameter.
Electron microscope histochemistry. For his-
tochemical studies, kidneys from rats injected with
sodium maleate were fixed by perfusion with 1%
glutaraldehyde in 0.1 M cacodylate buffer, (pH, 7.2)
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and postflxed for 2 hours in 3% glutaraldehyde in
the same buffer. Acid phosphatase activity was
demonstrated by incubation of the tissue in the Go-
mon medium as modified by Barka and Anderson
[24]. The incubations were carried out at 370 C for
10 mm at a pH of 5.4. The tissue was then postflxed
in 1% osmium tetroxide and further treated as de-
scribed above. Controls were incubated in the ab-
sence of substrate or in the presence of 10 mivi so-
dium fluoride.
Electron microscope autoradiography. Rats were
injected first with either 6.0% sodium maleate or
0.9% sodium chloride and five mm later with 0.5 ml
1251-lysozyme. After either 15 or 60 mm, the kidneys
(two rats in each group at each time) were fixed by
perfusion and the tissue samples were prepared for
electron microscopy as described above.
Thin sections were stained with uranyl acetate
and lead citrate and covered with Ilford L4 emul-
sion by the wire-loop method as described by
Maunsbach [25]. The grids were exposed from 14
days to 3 months, developed in Kodak D19 devel-
oper for 90 sec and fixed for 2 mm in 20% sodium
thio sulphate.
The grain distribution was determined over two
cross-sectioned proximal tubules from each animal.
The tubules were photographed at a magnification
of x5000, and the micrographs were enlarged 2.3
times. The autoradiographic background, which
never exceeded 0.005 grains/pm2, was determined
by counting grains over Epon from the same section
or over the formvar film adjacent to the section.
Grains were counted over the following regions:
endocytic vacuoles; E-cytoplasm (the cytoplasm
within 0.5 m from endocytic vacuoles, exclusive
of other cell organelles over which grains were
counted); lysosomes; L-cytoplasm (the cytoplasm
within 0.5 jm from the lysosomal membrane);
brush border; cytoplasm (the remaining cell area in-
cluding the cell nucleus); and the basement mem-
brane. This was expressed as the percent of the to-
tal number of grains.
Results
Ultrastructure of proximal tubule cells after so-
dium maleate injection. As compared with controls,
there was a reduction in the height of the proximal
tubule cells 20 mm after injection of sodium maleate
(Figs. 1 and 2), and there was an increase in the
number of small endocytic vacuoles (Fig. 2). After 1
hour these changes were even more pronounced,
and the accumulation of apical vacuoles was quite
prominent. Many mitochondria had their long axis
almost parallel to the basement membrane (Fig. 3).
Most of the apical tubules had disappeared (Figs. 4
and 5), and the coat on the inside of membranes of
the endocytic vacuoles in the maleate-treated ani-
mals appeared thinner than it did in controls (Figs. 4
and 5). Some lysosomes, identified by means of the
cytochemical reaction for acid phosphatase (Fig. 6),
appeared enlarged and more electron-translucent
(Fig. 3) than they did in controls. The apical vacu-
oles did not show acid phosphatase activity. The ul-
trastructure of the cell membrane, including cell
junctions and the smooth endoplasmic reticulum,
appeared qualitatively unaltered. The alterations in-
duced by sodium maleate were observed through-
out the convoluted part of the proximal tubule.
After 4 hours (Fig. 7), numerous small vacuoles
occupied the upper half of the proximal tubule cells.
Most mitochondria were markedly condensed, but
some mitochondria were swollen, and the granular
endoplasmic reticulum was distended. There was a
much decreased frequency of polyribosomes, and
instead single ribosomes were dispersed throughout
the cytoplasm (Fig. 7), including the basal parts of
the microvilli (inset to Fig. 7).
After 24 hours, most tubules appeared normal
(Fig. 8) except for an increased autophagocytosis
and a few swollen mitochondria (Fig. 8). In 5 to 10%
of the proximal tubules, however, most cells ap-
peared necrotic. In these tubules, the basement
membrane was in places denuded, and viable cells
extended along the basement membrane, partially
covering the denuded areas (Fig. 91). After 48 hours,
all tubules appeared normal.
Morphometric anah'sis of proxtmal tubule cells.
The volume density of the small endocytic vacuoles
increased in sodium-maleate-treated animals as
compared with control animals, and there was also
an increase from 20 to 60 mm in the sodium-male-
ate-treated animals (Table 1). When calculated per
millimeter of tubule length, there was in increase in
the volume of small endocytic vacuoles from 20 to
60 mm in sodium-maleate-treated rats, and the vol-
ume of the vacuoles was also larger in 60-mm so-
dium-maleate-treated rats as compared with the 60-
mm controls (Table 1).
The surface density of small endocytic vacuoles
was also increased in sodium-maleate-treated ani-
mals (Table 2). The surface area per millimeter of
tubule length of small endocytic vacuoles was sig-
nificantly increased in 60-mm sodium-maleate-
treated rats as compared with 60-mm controls. The
surface density and the surface per millimeter of tu-
bule length was also significantly increased when
c. .Y•a.r. ..
Fig. 1. Electron 'nicrograph of proximal tubule ce//s irvin rat fixed hs vascular per/uNion 20 pulp, ajier the injection of 6 .U'1 sodiun,
chloride (control). In the cytoplasm below the brush border (BR), there arc small (SEV) and large endocytic vacuoles (LEV). L is
lysosomes: N. nucleus: M. mitochondria. (x9500)
Fig. 2. Electron micrograph of proximal tubule cells from rat fixed by vascular perfusion 20 mm after the injection of sodium maleate.
There is a reduction of the cell height and an increased number of small endocytic vacuoles (SEV). The mitochondria (M) appear
somewhat condensed. L is lysosomes. (x9500)
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Fig. 3. Electron micrograph of proxi,nal tubule ce/Is from rat fixed by vascular perfus ion 60 mm after injection of sodium ma/ewe. There
is a large number of small endocytic vacuoles (SEV) in the apical part of the cells. The lysosomes are large and appear more electron-
lucent than usual. At places, the long axis of the mitochondria (M) appears oriented more or less parallel to the basement membrane
(BM). (x7300)
calculated for all endocytic vacuoles (Table 2). The
small apical tubules in the proximal tubule cells
largely disappeared after the maleate treatment (Ta-
bles 1 and 2; Figs. 4 and 5). The microvilli showed
no changes in surface density or surface per milli-
meter of tubule length after sodium maleate treat-
ment (Table 2).
There was a significant increase in the volume
density of lysosomes in animals that received so-
dium maleate 60 mm before fixation as compared
with animals at 20 mm and controls (Table 1). The
absolute volume of lysosomes per millimeter of tu-
bule length increased significantly between 20 and
60 mm in sodium-maleate-treated animals. The av-
erage diameter of the lysosomal profiles was not dif-
ferent in controls and animals injected with sodium
maleate 20 mm before fixation. At 60 mm after in-
jection of sodium maleate, however, the diameter
was increased about 75% when compared with 60-
mm control animals and 54% when compared with
animals fixed 20 mm after injection of sodium male-
ate (Table 3).
After sodium maleate injection, there was a 37%
increase in the luminal diameter of the proximal tu-
bules, and the height of the proximal tubule cells
was reduced to 66% of controls (Table 3).
GFR and renal accumulation of lysozyme. After
a single injection of sodium maleate, the GFR de-
creased during the first 20-mm period to 52% of the
control value, whereas the GFR did not change sig-
nificantly in rats that received 0.9% sodium chloride
or 6.0% sodium chloride (Table 4).
Urine flow (Table 4) increased about two times in
the animals receiving 0.9% sodium chloride, 10
times in rats given 6.0% sodium chloride, and about
70 times in the animals given sodium maleate.
During maleate infusion, there was a decrease of
the renal accumulation of lysozyme to 31% of that
found in animals infused with 0.9% sodium chloride
and at the same time a 73-fold increase in the uri-
nary excretion of lysozyme (Table 4). The total gb-
merular filtration of lysozyme decreased, however,
due to a decreased clearance of lysozyme and a de-














Intracellular transport of labeled lysozyme. Elec-
tron microscope autoradiography revealed evi-
dence of a decreased transport of protein from
endocytic vacuoles to the lysosomes in the proxi-
mal tubule cells in animals treated with sodium mal-
eate as compared with controls (compare Figs. 10
and 12 to Figs. 11 and 13). Fifteen minutes after in-
jection of labeled lysozyme, the accumulation in the
lysosomes was 6.3% in maleate-treated rats as com-
pared with 41.6% and 47.3% in controls given 0.9%
and 6.0% sodium chloride, respectively (Table 5).
After 1 hour, corresponding figures were 7.5%,
81.0%, and 70.4% (Table 5). In control rats, there
was a decrease in the concentration of grains over
the endocytic vacuoles between 15 and 60 mm, but
such a decrease was not seen in the sodium-male-
ate-treated rats (Table 5).
Digestion of protein in renal cortical slices. The
digestion of protein was much decreased in renal
slices from sodium-maleate-treated rats as com-
pared with controls. After 120 mm of incubation of
slices removed 15 mm after injection of lysozyme
the digestion decreased from 33.3% to 6.5% (Fig.
14); and in slices removed after 60 mm, from 45.1%
to 13.0% (Fig. 15). Thus, the demonstrated de-
creases in protein digestion were 80 and 71%, re-
spectively. The initial rate of digestion was lower in
slices removed after 15 mm (Fig. 14) than it was in
slices removed after 60 mm (Fig. 15).
In slices from nontreated animals injected with la-
beled lysozyme and incubated for 120 mm in the
presence of sodium maleate (2.5 mg/ml), there was
a 58% decrease in the digestion of lysozyme in
slices removed after 15 mm and a 35% decrease in
slices removed after 60 mm. In the latter slices,
there was initially only a small inhibitory effect of
sodium maleate (Fig. 16).
Discussion
The present study revealed that i.v. injection of
sodium maleate decreased the reabsorption of lyso-
zyme by the proximal tubule cells, reduced the
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Fig. 4. Electron micrograph of the apical part of a proximal tubule cell from rat fixed by vascular perfusion / hour after injection of 6.0%
sodium chloride (control). Small endocytic vacuoles (SEV) are seen below the brush border (BB), and the apical cytoplasm shows apical
tubules (arrows) and ajunctional complex (arrowheads). (x36,800)
Fig. 5.Electron micrograph of the apical part of a proximal tubule cellfrom a rat prepared as in Fig. 3. The membrane coat (arrowheads)
in the endocytic vacuoles appears more fuzzy than it does in controls (compare with Fig. 4) and the apical tubules (arrow) are largely
absent. Elements of the smooth endoplasmic reticulum follow the cell membranes and appear unchanged. (x36,800)
Fig. 6. Electron inicrograph of proximal tubule cells from rat fixed by vascular perfusion 60 mm after the injection of sodium ma/care.
The tissue has been incubated for the demonstration of acid phosphatase. The large irregular lysosomes (L) show reaction for acid
phosphatase. (x 12.000)
Fig. 7. Electron micrograph of proximal tubule cells from rat fixed by vascular perfusion 4 hours after the injection of sodium maleate.
Endocytic vacuoles (EV) are very frequent in the upper half of the cells. The mitochondria (M) appear very condensed. Dilated profiles
of granular endoplasmic reticulum (arrows) are found in the cytoplasm, and single ribosomes are seen scattered all over in the cytoplasm
and even found in the microvilli (arrowheads on inset). (x15,200; inset, x87,000)
Fig. 8. Electron micrograpli of proxitnal tubule cells from rat fixed by vascular perfusion 24 hours after the injection of sudiwn ,naleate.
The cells appear ultrastructurally normal except that a few mitochondria arc dilated (Ml and some contain intramitochondrial granules
(arrowheads), which are more prominent than they are in controls. The apical tubules have reappeared (arrows). (x 10,500)
Fig. 9. Electron micrograph of proximal tubule cells from rat fixed by vascular perfusion 24 hours after injection ofsodium ,naleate. A
necrotic cell, with swollen mitochondrja (M) and a pyknotic nucleus (N), seems detached from the basement membrane (BM). Intra-
mitochondrial granules appear increased in size and frequency in many mitochondria. Another cell is extending below the necrotic cell
and sends a fingerlike projection along the basement membrane (arrows). (x8100)
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Table 1. Volume densities (V) and volumes per millimeter of tubule length of components of the lysosomal system in proximal tubule
cells in sodium-maleate-treated rats and controIs
20 mm after 20 mm after 60 mm after 60 mm after
6.0% NaCI P sodium maleate P sodium maleate P 6.0% NaCI
Lysosomes
V,% 6.8 2.7 7.8 Li <0.02 12.7 3.4 <0.005 5.1 0.75
Volume, /O wn3lmm tubule length 9.5 2.8 6.8 1.6 <0.05 14.3 6.5 8.0 2.0
Small endocytic vacuoles (<0.5 zm)
V,% 2.3 0.72 <0.02 6.4 2.8 <0.02 10.4 1.0 <0.005 3.0 0.70
Volume,/04 pjn3lmm tubule length 3.4 1.3 5.8 3.1 <0.02 11.3 2.5 <0.005 4.8 1.7
Large endocytic vacuoles (>0.5 zm)
V,% 2.6 0.19 4.5 1.9 4.7 2.4 4.1 1.1
Volume,104p.m3lmmtuhuk'length 3.9 1.9 3.8 1.7 5.6 3.9 6.6 2.7
All endocytic vacuoles
V,% 4.9 1.8 <0.02 11.0 3.7 15.1 2.7 <0.001 7.0 1.7
Volume,/04 Wn3/mm tubule length 7.2 3.2 9.6 4.1 16.9 6.3 11.4 4.4
Apical tubules
V,% 1.49 0.75 <0.02 0.26 0.11 0.14 0.08 <0.001 1.62 0.41
Volume,/04 pin3lm,n tubule length 2.22 1.20 <0.02 0.22 0.05 0.16 0.12 <0.005 2.68 1.16
a Values are the means of five animals sn. The statistical significance is located between the values being compared.
Table 2. Surface densities (Sw) and surfaces per millimeter of tubule length of microvilli and components of the
lysosomal system in sodium-maleate-treated rats and controlsa
20 mm after 20 mm after 60 mm after 60 mm after
6.0% NaCI P sodium maleate P sodium maleate P 6.0% NaCI
Microvilli
Sv,M1n2Ium3 1.3 0.5 2.0 0.8 1.3 0.5 1.7 0.4
Surfaces,106 pn2Imm tubule length 1.9 0.8 1.8 0.9 1.5 0.7 2,7 1.2
Lysosomes
S,pin2Ipin3 0.35 0.06 0.39 0.06 0.41 0.08 0.29 0.05
Surfaces,/06 wn2I,nmtubule length 0.50 0.10 <0.05 0.35 0.10 0.46 0.17 0.46 0.15
Small endocytic vacuoles (<0.5 m)
Sv,u/n2Iim3 0.39 0.06 <0.05 1.1 0.6 1.6 0.2 <0.001 0.48 0.06
Surfaces,106 m2Imm tubule length 0.57 0.12 1.0 0.7 1.8 0.3 <0.001 0.77 0.27
Large endocytic vacuoles (>0.5 Lm)
S,wn2Iwn3 0.17 0.07 <0.05 0.40 0.17 0.38 0.16 0.27 0.08
Surfaces,106 pn2Immtubule length 0.25 0.12 0.34 0.15 0.44 0.27 0.43 0.18
All endocytic vacuoles
Sv,wn2/un3 0.56 0.12 <0.02 1.5 0.6 2.0 0.1 <0.001 0.75 0.14
Surfaces,106 j.un2I,nm tubule length 0.82 0.23 1.3 0.7 2.2 0.5 <0.02 1.2 0.4
Apical tubules
Sv,j,un2IjiJn3 0.60 0.17 <0.005 0.24 0.04 <0.001 0.087 0.036 <0.001 0.61 0.11
Surfaces, /06 wn2/mmtubule length 0.89 0.32 <0.005 0.21 0.03 <0.05 0.098 0.054 <0.001 0.96 0.32
a Values are the means of five animals SD. The statistical significance is located between the values being compared.
transport of absorbed protein into the lysosomes,
and lowered the digestion of protein in renal cortical
slices. These functional changes occurred simulta-
neously with significant quantitative alterations of
the main components of the vacuolar apparatus,
that is, endocytic vacuoles, apical tubules, and
lysosomes. In the following, we will correlate the
ultrastructural and functional changes and discuss
the evidence suggesting that the decreased uptake
and digestion of lysozyme is due to a decreased rate
of endocytosis and intracellular transport of the
tracer protein.
Renal filtration, accumulation, and excretion of
lysozyme. The decreased renal accumulation of
lysozyme in sodium-maleate-treated rats (9.4%), as
compared with controls (39.6%), was partly due to a
decrease in GFR and a decrease in the fractional
clearance of lysozyme. Because, however, in male-
ate-treated animals the urinary excretion of lyso-
zyme was 4.4% of the injected and infused dose as
compared with 0.2% in controls, it is concluded that
the tubular uptake of lysozyme was also decreased
by sodium maleate. These results are consistent
with the observations of Mogielnicki, Waldman,
and Strober [9] and Frederiksson and Petersson
[11], who demonstrated that sodium maleate pro-
duces a tubular proteinuria. Because our present
and previous [13] autoradiographic observations
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given in the column to the right.
b For experimental protocol, see methods section.
demonstrated that the lysozyme was absorbed by
way of endocytic vacuoles and never accumulated
in the cytoplasm, the decreased tubular uptake of
lysozyme in sodium-maleate-treated rats is inter-
preted an effect of a decreased rate of endocytosis.
Endocytosis stimulates ATP synthesis in, for ex-
ample, polymorphonuclear leukocytes [26] and in
fibroblasts agents that decrease the ATP level and
also decrease the endocytosis of horseradish per-
oxidase [27]. Because ATP levels are decreased in
kidneys from sodium-maleate-treated rats [5], it is
likely that the decreased uptake of lysozyme by
means of endocytosis in the present study is due to
lack of cellular energy supplies in the form of ATP.
The fractional clearance found for lysozyme in
control rats (57%) in the present study is somewhat
lower than are the values of 77 to 80% obtained by
Maack [28]. It is likely that the latter values are too
high because the experiments were performed with
isolated perfused rat kidneys where the tubular up-
take of protein was inhibited with potassium cyanide
or sodium iodoacetate [28]. These substances not
only inhibit tubular protein uptake, but also effect
glomerular cells and induce glomerular proteinuria.
Our value for the fractional clearance of lysozyme,
on the other hand, was probably somewhat de-
creased due to lysosomal digestion because more
than 40% of the protein in the proximal tubule cells
was located in the lysosomes 15 mm (Table 5) after
a single injection of labeled lysozyme and thus was
exposed to hydrolytic enzymes. This decrease,
however, was probably very small because less
than 10% of the protein was digested during the
first 20 mm of incubation (Fig. 14). In comparable
experiments with labeled cytochrome C, close to
30% of the tracer was digested during the same
conditions [29], indicating that lysozyme and cyto-
chrome C have different susceptibilities to lyso-
somal catabolism.
The increased renal accumulation of protein in
animals receiving 6.0%, as compared with 0.9%, so-
dium chloride (Table 3) is due to an increased gb-
merular permeability of lysozyme, as reflected in
the fractional clearance for lysozyme, because the
GFR was identical in the two groups (Table 4). A
decreased GFR, as found in the present study, after
injection of 400 mg/kg body wt sodium maleate has
previously been observed in mice [9] and in rats [5,
11], whereas 150 to 200 mg of sodium maleate/kg
body wt did not cause changes in glomerular func-
tions [9, 11].
Intracellular transport of proteins. The accumu-
lation of endocytic vacuoles in the apical cytoplasm
of the proximal tubule cells after sodium maleate
injection may have one or more of the following ex-
planations: (1) increased rate of formation of vacu-
oles, (2) decreased fusion between vacuoles and
lysosomes, or (3) modified recycling of membrane
Table 3. Diameter of lysosomes, cell height, and luminal diameter of proximal tubules in sodium-maleate-treated rats and controlsa
20 mm after 20 mm after 60 mm after 60 mm after
6.0% NaCI P sodium maleate P sodium maleate P 6.0% NaCI
Diameteroflysosomes, sm 1.13 0.28 1.20 0.13 <0.005 1.85 0.28 <0.001 1.06 0.18
Luminaldiameterofproximaltubules,.wn 27.7 2.7 <0.001 38.2 3.0 42.3 4.3 <0.005 31.2 1.4
Height of proximal tubule cells, .un 10.9 0.6 <0.001 6.6 1.0 6.9 1.1 <0.02 9.5 1.0
a Values are the means of five animals SD. The statistical significance is located between the values being compared.
Table 4. Effects of sodium maleate on renal protein accumulation, urinary protein excretion, GFR, and urine flowa
0.9% NaCI P 6.0% NaCI P Sodium maleate P
Renal lysozyme accumulation,
%of total dose 29.9 4.7 <0.05 39.6 3.7 <0.001 9.4 2.0 <0.005
Urinary lysozyme excretion,
%of total dose 0.06 0.01 0.20 0.15 <0.02 4.4 1.7 <0.02
GFRbeforeinjectionsb,ml/min 2.45 0.35 2.70 0.19 3.00 0.61
GFRafterinjections',m//min 2.66 0.17 2.62 0.08 <0.005 1.57 0.27 <0.005
Clearance lysozyme, mI/mm 1.52 0.23 <0.05 2.14 0.26 <0.001 0.47 0.12 <0.005
Fractionalclearancelysozyme,% 57 5 <0.05 82 11 <0.02 31 12 <0.05
Urine flow before injectionsb,
p./urine/min 1.5 0.4 2.2 1.0 2.5 0.9
Urine flow after injections",
piurine/min 3.1 1.5 22 18 <0.005 179 39 <0.005
a Valuesare means of three experiments SD. The statistical significance is between the sodium maleate, and the 0.9% NaCI group is
Fig. 11. Electron microscope autoradiograph of proximal tubule cells from rat prepared as in Fig. /0, but injected with sodium ma/eate
instead of sodium chloride. Most autoradiographic grains are located directly over the endocytic vacuoles. (x 16,600)
Fig. 10. Electron microscope autoradiograph of proximal tubule eelLcfroni a rat fixed by vascular pe'fusion 15 ,n!n after iv. injection of
labeled lv.wzv,ne. Five minutes before the injection of protein, the rat was injected with 0.9% sodium chloride (control). Most autora-
diographic grains are located either over or close to the endocytic vacuoles (EV) or lysosomes (L). (x 16,600)
Fig. 12. Electron microscope auroradiograp/i of proximal tubule cells from a rat fixed by vascular perfusion 60 mm after iv. injection oj
labeled lysotyme. Five minutes before the injection of protein, the rat was irected with 0.9% sodium chloride (control). Most autora
diographic grains are located over lysosomes (L). A single grain can be seen over an endocytic vacuole (EV). (X 13.000)
• ?m.eàusQa4'
Fig. 13. Electron microscope autoradio graph of proximal tubule cells from a rat prepared as in Fig. 12, but injected with sodium maleate
instead of sodium chloride. All grains are located over endocytic vacuoles. (x 13,000)
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TableS. Distribution of autoradiographic grains over proximal tubule cells following i.v. injection of °51-lysozyme into rats
that were injected 5 mm previously with sodium maleate or sodium chloride°
Directly
Time after over Total Directly
injection of endocytie endocytic over Total Brush Basement Total
lysozyme vacuoles vacuole&° lysosomes lysosomese border Cytoplasm membrane no. of
mm Injection % % % % % % % grains
15 O.9%NaCI 18.0 6.5 43.6 11.7 28.8 8.0 41.6 7.4 4.4 1.0 9.0 3.3 1.4 1.6 881
IS 6.0%NaCl 12.7 3.5 34.2 7.5 30.7 47.3 7.1 7.7 4.1 9.1 4.0 1.6 1.4 821
15 Sodium maleate 39.1 7.2 72.3 7.2 4.2 2.9 6.3 4.1 9.4 3.8 8.1 3.2 4.0 2.7 661
60 0.9%NaCl 5.0 2.3 11.5 3.5 61.7 5.6 81.0 6.0 1.0 0.8 5.6 2.6 0.9 0.8 576
60 6.0%NaCI 3.3 1.2 11.9 3.7 53.3 3.8 70.4 6.9 5.8 3.7 11.2 4.4 0.7 1.0 334
60 Sodium maleate 41.4 9.4 80.8 13.9 5.3 5.3 7.5 4.7 2.3 2.8 9.4 14 0 136
a The values given as the means SD are the percent of total number of grains (N 4).
b The sum of the grains directly over endocytic vacuoles and over the E-cytoplasm (defined in Methods)
The sum of the grains directly over lysosomes and over the L-cytoplasrn (defined in Methods)
material between the cell membrane and apical vac-
uoles or tubules. The first alternative, an increased
formation of endocytic vacuoles, seems unlikely be-
cause quantitatively the uptake of protein from the
tubule lumen was decreased and because maleate
probably interferes with the energy production re-
quired for endocytosis as discussed above. It is also
-
-
unlikely that the membrane material added to the
endocytic vacuoles was derived from the brush bor-
der because there were no significant changes in the
surface area of the microvilli of the brush border
after injection of sodium maleate (Table 2). The lat-
ter observations are consistent with the results of
Bode et al [30] suggesting that the brush border
membrane and the membranes of the endocytic
vacuoles have different chemical compositions and
that endocytosis takes place at the luminal plasma
membrane at places different from the brush bor-
der. The impression that the number of microvilli is
reduced in sodium-maleate-treated rats (compare
Figs. I and 2) is probably due to the increased lumi-
nal diameter of the proximal tubule. The surface
area of the microvilli found in control rats (1.9 and
2.7 x 106 m2/mm tubule length) is similar to the
value (2.9 x 106 /Lm2/mm tubule length) found in
isolated rabbit proximal tubules [31] and a similar
surface area is equivalent to the figure of 40 m2
microvilli membrane/sm2 luminal cell area deter-
mined in the first proximal segment of the rat [32].
The possibility that the increased area of mem-
brane in the endocytic vacuoles represents de novo
synthesized membrane should also be considered
because it has been shown that labeled fucose,
which is built into membrane glycoproteins,
reached a high concentration in the apical part of
the proximal tubule cells by 35 mm after i.v. injec-
tion following initial incorporation in the Golgi ap-









30 60 90 120
Time, rn/n
Fig. 14. Catabolism of '2I-lysozyme in renal cortical slices re-
moved from animals 15 mm after i.v. injection of the protein.
Five minutes before injection of the protein the rats were inject-
ed with either sodium maleate or 0.9% sodium chloride (control).
The incubations were carried out at 37° C or at 0° C. Ordinate
gives protein catabolism expressed as TCA-soluble radioactivity
in incubation medium and slices as percent of total radioactivity.
Abscissa gives incubation time in minutes. The curves represent





30 60 90 120
Time, rn/n
FIg. 15. Catabolism of '251-lysozyme in renal cortical slices re-
moved from animals 60 mm after i.v. injection of the protein.
Five minutes before injection of the protein, the rats were inject-
ed with either sodium maleate or 0.9% sodium chloride (control).
Coordinates are the same as they are in Fig. 14 (means so of
six experiments).
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Maleate, 37°C, 60 mirl
30 60 90 120
Time, mm
Fig. 16. Catabolism of '251-lysozyme in renal cortical slices re-
moved from animals 15 nin after i.v. injection of the protein
(curves, labeled 15 mm) or removed 60 mm after i.v. injection of
the protein (curves, labeled 60 mm). The sodium maleate (2.5
mg/mI) was added to the incubation medium. Coordinates are the
same as they are in Fig. 14. The curves represent the means of
two experiments.
of endocytic vacuoles appeared even more rapid
(Fig. 2), this explanation appears unlikely, in partic-
ular because a vesicular transport from the Golgi
apparatus may also be decreased after the injection
of sodium maleate. It is also unlikely that the vacu-
oles were derived from primary lysosomes or
smooth endoplasmic reticulum, because they lacked
acid phosphatase activity (Fig. 6) and because
the smooth endoplasmic reticulum appeared un-
changed.
The second alternative, that accumulation of
endocytic vacuoles is due to a decreased fusion of
endocytic vacuoles and lysosomes, is consistent
with the autoradiographic demonstration of a ten-
fold larger amount of protein in the endocytic vacu-
oles than in the lysosomes after sodium maleate in-
jection, as compared with a sixfold difference in fa-
vor of lysosomes in the corresponding controls
(Table 5). It is unlikely that the small amount of la-
bel in the lysosomes after sodium maleate treatment
is caused by digestion of the protein because pro-
tein catabolism was greatly reduced after sodium
maleate treatment (Fig. 15).
The third possibility, a modified recycling of
membrane between the cell membrane and apical
vacuoles or tubules, must also be considered as an
explanation for the accumulation of endocytic vacu-
oles. Recycling of membrane has been observed in
epithelial cells of the seminal vesicles [34] and se-
cretory cells [35], and it has been suggested by
Maunsbach [36], on the basis of protein tracer stud-
ies, that one function of the apical tubules is to re-
turn membrane material from the endocytic vacu-
oles to the luminal plasma membrane. It is notewor-
thy that the surface area of all endocytic vacuoles is
not much larger than the surface area of the lyso-
somes (0.82 x 106 m2 vs. 0.50 x 106 m2/mm tu-
bule length, Table 2). The endocytic vacuoles, how-
ever, have a lifespan of only a few minutes [32, 37]
as compared with at least a few weeks for the lyso-
somes [38]. Therefore, most of the membrane mate-
rial of the endocytic vacuoles is not incorporated
into the lysosomal membranes, but is probably in-
stead recycled from the endocytic vacuoles to the
apical cell membrane.
The almost complete disappearance of apical tu-
bules in cells of maleate-treated animals suggests
that the tubules either changed into vacuoles or
fused with the cell membrane. Both alternatives are
consistent with previous observations that demon-
strate a close relationship between apical tubules
and the apical cell membrane and even direct con-
tinuities between apical tubules and apical vacuoles
[32, 36]. Our autoradiographic observations in-
dicate that the numerous vacuoles that appear after
sodium maleate treatment are endocytic vacuoles
that have accumulated due to a decreased rate of
fusion with lysosomes. Therefore, the absence of an
increase in the combined surface area of apical tu-
bules and vacuoles after maleate (Table 6) does
not suggest that the apical vacuoles were formed
Table 6. The combined surface areas or volumes of endocytic vacuoles and apical tubules in proximal tubule cells of sodium maleate









Surface area of all endocytic vacuoles
andapicaltubules,106p.m2/pjntubulelength 1.7 0.5 1.6 0.8 2.3 0.6 2.2 0.7
Surface area of small endocytic vacuoles
andapicaltubules,106 p.m21 juntubule length 1.5 0.4 1.2 0.8 1.9 0.3 1.7 0.6
Volume of all endocytic vacuoles
and apical tubules,104 pJn3/mm tubule length 9.5 4.3 9.9 4.1 17.1 6.4 14.1 5.5
Volume of small endocytic vacuoles
and apicaltubules,104 j.zm3lmmtubule length 5.6 2.5 6.0 3.1 <0.02 11.5 2.6 <0.05 7.5 2.8
a Values are the means of five animals SD. The statistical significance is located between the values being compared.
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from apical tubules. Instead, the present observa-
tions favor the explanation that the rate of forma-
tion of apical tubules from endocytic vacuoles fol-
lowing maleate treatment is lower than the rate of
fusion of apical tubules with the cell membrane and
indicate that the disappearance of apical tubules is
due to membrane transfer from apical tubules to the
plasma membrane.
Vesicular transport within protein secreting cells
is known to be energy dependent [39]. It appears
likely that lack of energy supply is also the cause of
the decreased transport of protein from endocytic
vacuoles to lysosomes in proximal tubule cells ex-
posed to sodium maleate. Accumulations of apical
vesicles, similar to the endocytic vesicles observed
after sodium maleate infusion, have also been ob-
served in proximal tubule cells following ischemia
[40, 41] and following inhibition of tubular catabo-
lism with potassium cyanide or sodium iodoacetate
[42].
Intracellular digestion of protein. The present ob-
servations are consistent with our previous demon-
stration that digestion of protein by proximal tubule
cells occurs within the lysosomal system [13]. The
decreased digestion of lysozyme in renal cortical
slices from sodium-maleate-treated rats probably
largely reflects a decreased transport of the protein
into the lysosomes as discussed above. This is sup-
ported by the observation that sodium maleate add-
ed to the incubation medium only partially inhibited
lysosomal catabolism in slices (Fig. 16) and, in par-
ticular, that the initial inhibitory effect of maleate
was small in slices removed 60 mm after injection of
labeled lysozyme, where most of the tracer was
present in the lysosomes already at the start of in-
cubation (Table 5). Furthermore, the possibility
that sodium maleate, in addition, has a direct effect
on the lysosomal catabolism is also unlikely be-
cause we found in preliminary experiments that the
digestion of labeled lysozyme by lysosomal en-
zymes isolated by differential centrifugation from
rat renal cortex was not impaired by the addition of
sodium maleate to the incubation medium unless
very high doses of sodium maleate (5 mg/mg of lyso-
somal protein, or more) were used.
The observation that the diameter of the lyso-
somes was larger after sodium maleate treatment
for 60 mm than it was after 20 mm despite the lyso-
somal surface area per millimeter of tubule length
was unchanged suggests that there was a change to-
wards fewer, but larger lysosomes. There was no
evidence that the size of the lysosomes was related
to the efficiency of digestion because protein diges-
tion was decreased not only in slices removed 1
hour after injection of sodium maleate, but also to a
similar degree in slices removed after 15 mm when
there were no changes in the lysosomal diameter.
This conclusion is in agreement with previous ob-
servations, that protein catabolism was not de-
creased in dextran-absorbing kidney cells despite
considerable increases in the dimensions of the
lysosomes [43].
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